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IN ADDITION TO SARCOPENIA or skeletal muscle loss, reduced fat mass has also been shown to be an independent predictor of outcome in cirrhotic patients (1, 34) . The creation of an end-to-side portacaval anastamosis (PCA) in rats results in nutritional, biochemical, behavioral, and endocrine consequences at 3 wk after surgery that are similar to those observed in human cirrhosis with portosystemic shunting (11, 14, 15 ). An increased phosphorylation and activation of skeletal muscle AMP kinase (AMPK)-␣, a critical cellular energy sensor, suggests that lower energy supplies may be responsible for impaired muscle protein synthesis following PCA (12, 19) . The contribution of the reduction in fat mass to the changes in body composition and the mechanisms responsible for this following PCA are not known (10, 11, 15) . Adipose tissue is the major energy store in the body, and reduction in fat mass is likely to contribute to reduction in whole body energy supplies (32) . An understanding of the mechanisms contributing to the lower fat mass following PCA is important because of the regulatory role of fatty acids on skeletal muscle protein turnover (42) . In the present study, we examined the contribution of reduced fat mass to changes in body composition and the potential mechanisms for reduced fat mass following PCA.
Our laboratory has previously shown that higher expression of myostatin, a member of the transforming growth factor-␤ superfamily, in PCA rats was responsible for the lower skeletal muscle mass in this model (12, 13) . The regulation of fat mass by myostatin has been shown in studies on myostatin knockout mice, follistatin (myostatin antagonist) transgenic mice, and exogenous administration of myostatin (21, 25, 28, 36) . The signaling pathways involving myostatin have been extensively studied in skeletal muscle, but its role in adipose tissue and lipid metabolism has not been examined in conditions associated with loss of fat mass (16, 38) . In the present study, we examined the expression of myostatin in white adipose tissue (WAT) following PCA, its relation to fat mass, adipocyte size, and triglyceride content, and the expression of genes regulating lipogenesis and lipolysis. To establish a mechanistic link between myostatin and adipose tissue mass, we administered follistatin, a myostatin antagonist to PCA rats, and examined the response of whole body fat mass, epididymal fat mass, expression of myostatin, and genes regulating lipogenesis and lipolysis in the adipose tissue.
ANIMALS AND METHODS

Animals
Male Sprague-Dawley rats (weight 200 -260 g), with an end-toside PCA (n ϭ 30) or sham surgery (n ϭ 30), were obtained from Charles River (Wilmington, MA). Animals were housed individually in wire mesh-bottom cages under strictly controlled conditions of temperature, lighting (12:12-h light-dark cycles), and humidity. Following 3 days of recovery after the surgery, all sham-operated control rats were pair fed (SO) to the PCA rats. All animals were placed on standard rat chow (Harlan Teklad standard rat chow, no. 8604: protein 24.5%; fat 4.4%; 3.93 kcal/g) for 3 wk. Food and water intake were measured daily. Animals were weighed, and their fat-free mass was measured using total body electrical conductivity (TOBEC) at weekly intervals for 3 wk. The preoperative weight of each animal was used as a baseline weight during the experiment. Food efficiency was calculated as the gain in total body weight per gram of food intake (g weight gain/g food intake) (15) . All animals had access to food and water up to 1 h before being killed. At necropsy, anatomic patency of the shunt was confirmed in all animals. There were no deaths or animal dropouts during the study.
Fecal Fat Excretion
Fecal fat excretion was quantified because fat malabsorption can contribute to alterations in fat mass. The stool consistency was visually inspected each day, and fresh feces was collected to quantify fat content using previously described methods (39) . In brief, ϳ0.5 g of feces was dried in a convection oven at 65°C for 24 h and treated with 18 N sulfuric acid, and the fat was extracted with 10 ml of ether with constant shaking for 25 min. The extraction with ether was repeated to ensure complete removal of fecal fat. All studies were done in triplicate on at least two samples of feces from each animal.
Body Composition
The study was done in three phases in distinct groups of animals. In the first phase of the study, chemical carcass analysis was performed in the PCA (n ϭ 8) and SO rats (n ϭ 8). All animals were killed using intraperitoneal pentobarbitone at 3 wk after surgery. Before the carcass analysis, the liver, gastrocnemius muscle, kidneys, testes, and spleen were harvested and weighed. In addition, mesenteric fat that included omentum, perinephric, retroperitoneal, and epididymal pad of fat were used as a direct measure of visceral fat mass. After weighing, ϳ100 mg of skeletal muscle were separated for quantifying the hydration index, and the remaining tissue was used for chemical carcass analysis, along with the other organs harvested and the remaining carcass.
In a separate group of PCA (n ϭ 6) and SO animals (n ϭ 6), TOBEC was performed at 3 wk after surgery. The animals were then killed using intraperitoneal pentobarbitone; blood was collected from the abdominal aorta; and organs were harvested, blotted dry of blood, weighed, rapidly frozen in liquid nitrogen, and stored at Ϫ80°C for subsequent assays.
Finally, in a third group of animals, follistatin, a myostatin antagonist, prepared as described earlier (12) in the dose of 10 g/100 g body wt (n ϭ 8 for PCA and SO in each treatment group) or an equal volume of phosphate-buffered saline as control (n ϭ 8 for PCA and SO in each treatment group) was administered intraperitoneally three times a week for the 2 wk (weeks 3 and 4 after surgery), the changes in body composition were measured using TOBEC, and gene expression was studied. The response of skeletal muscle to follistatin has been reported elsewhere (12) .
Chemical Carcass Analysis
Chemical carcass analysis was performed in a subgroup of rats with end-to-side PCA (n ϭ 8) or SO rats (n ϭ 8) 3 wk after surgery. Animals were killed, and organs were harvested and weighed, following which chemical carcass analysis was performed (8) . In brief, the animals were shaved, and the organs harvested as described earlier. The whole carcass, including the organs that had been weighed, were pulverized and completely dried in a mechanical convection oven at 60°C to reach a stable weight for 3 days. The water content in the carcass was measured by the difference between the original wet weight and the final dry weight.
A precisely weighed amount (0.5 g) of the powdered carcass sample was mixed with 0.5 ml ethyl alcohol (100%) and 10 ml ethyl ether and vortexed for 30 min, and the supernatant ether layer was removed following centrifugation at 1,800 rpm for 4 min. Residual fat was extracted by an additional 10 ml of ethyl ether. The pellet was then air dried for 3 h and then placed in a convection oven at 60°C over night. The dried sample was weighed three times at two hourly intervals until a constant weight was achieved. The fat content was calculated as the difference between the original weight and weight of the pellet after ether extraction.
Hydration Index
Hydration index of the whole body and skeletal muscle was calculated using the following formula: (wet weight Ϫ dry weight)/ wet weight. The wet weight and dry weight of the carcass or skeletal muscle were measured by complete drying of a precisely weighed amount of the pulverized carcass or a sample of the skeletal muscle in a convection oven, as described above.
Proportion of Visceral Fat Content
The proportion of visceral fat in the abdomen was obtained as the ratio of the visceral fat to the whole body weight. Nonvisceral fat mass was obtained in the animals that were subjected to chemical carcass analysis as the difference between the visceral fat mass and total body fat mass.
Measurement of Fat-Free Mass Using TOBEC
In a subsequent group of rats (n ϭ 6 each in PCA and SO rats), fat-free mass was measured at 3 wk after surgery, using the TOBEC body analyzer for small animals (SA-3000) fitted with the 114 ϫ 318 mm measuring chamber (SA-3114) (EC Systems, Springfield, IL) using the methods previously described by our laboratory (13) .
Tissue Extraction and Processing
Tissue was processed as previously described (11) . In brief, a part of the epididymal fat was homogenized, and RNA extracted using the TRI reagent per the manufacturer's protocol (Sigma Aldrich, St. Louis, MO). The isolated RNA was resuspended in diethyl pyrocarbonate-treated water and quantified by spectrophotometry, and the quality was assessed by electrophoresis in a 1.2% formaldehyde agarose gel. First-strand cDNA synthesis was performed using 1 g of total RNA using BD Clontech kit (Hercules, CA) per manufacturer's protocol. Oligonucleotide primers used for the various genes were as published earlier (11, 13) . Other primers used included the following: adiponectin (forward: 5=-AAT CCT GCC CAG TCA TGA AG, reverse: 5=-TCT CCA GGA GTG CCA TCT CT); adiponectin receptor 1 (forward: 5=-GAC AAA GCC CTC AGC GAT, reverse: 5=-CTT CTA CTG CTC CCC ACA GC); adiponectin receptor 2 (forward: 5=-ACC CAC ACC CTT GCT TCA TC, reverse: 5=-GCT AGC CAT GAG CAT TAG CC); acyl-CoA carboxylase (forward: 5=-AGG AAG ATG GTG TCC GCT CTG, reverse: 5=-GGG GAG ATG TGC TGG GTC AT); acyl-CoA oxidase (forward: 5=-CCC GTA GCA CTC TCC TTG AG, reverse: 5=-TTG GAA ACC ACT GCC ACA TA); fatty acid synthase (forward: 5=-TCG AGA CAG ATC GTT TGA GC, reverse: 5=-TCA AAA AGT GCA TCC AGC AG); fatty acyl-CoA binding protein (forward: 5=-GAA GCG CCT GAA GAC TCA GC, reverse: 5=-TTC AGC TTG TTC CAC GAG TCC); peroxisome proliferator activated receptor (PPAR)-␣ (forward 5=-TGA ACA AAG ACG GCA TG, reverse: 5=-TCA AAC TTG GGT TCC ATG AG); sterol regulatory element binding protein-1 (forward: 5=-AGC GCT ACC GTT CCT CTA TC, reverse: 5=-GCG CAA GAC AGC AGA TTT AT); stearoyl-CoA desaturase (forward 5=-GCT TCC AGA TCC TCC CTA CC, reverse 5=-CAA CAA CCA ACC CTC TCG TT); tumor necrosis factor-␣ (forward: 5=-ACG ATT ATC ACG CTA C-3, reverse: 5=-TCA ATG CCT AAG TTG GA-3).
Quantitative real-time PCR. Real-time PCR for quantification of mRNA was performed on a Stratagene Mx 3000 P (Stratagene, La Jolla, CA) using a SYBR protocol on the fluorescence temperature cycler. Results were expressed as fold change in expression of each gene in the PCA compared with control SO animals using a relative quantification method. In addition, the gene product for myostatin in fat was confirmed by gene sequencing. All PCR products were separated on a 1.5% Tris-acetic acid agarose electrophoresis to confirm product presence and size.
Western blot analysis. The expression of myostatin and adiponectin protein was quantified by Western blot assays as described earlier (11) . In brief, epididymal fat samples (100 mg) were homogenized in 1 ml of lysis buffer (1% Triton X, 50 mM Tris, 6.4 mM NaCl, 1 mM EDTA, 1 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 10 mM sodium chloride) with protease inhibitor cocktail (SigmaAldrich, St. Louis, MO). The homogenate was subsequently centrifuged at 10,000 g at 4°C for 30 min to remove the tissue debris. The protein concentration of the supernatant was quantified using a BioRad DC protein assay. Twenty micrograms of protein from each sample were then separated using SDS-PAGE 4 -20% gradient gel under reducing conditions. After an overnight electrotransfer to polyvinylidene difluoride membranes (Bio-Rad), the membranes were stained with Ponceau S to confirm equal loading and uniformity of transfer, and then they were destained in Tris-buffered saline with Tween [TBST; 0.05 M Tris, pH 7.4, 0.1 M NaCl, 0.1% Tween 20 (Sigma-Aldrich)] and blocked in TBST containing 10% nonfat milk at room temperature for 4 h. Membranes were incubated in primary antibody in TBST overnight at 4°C, followed by washing in TBST. The membranes were then incubated in the appropriate secondary antibody conjugated to peroxidase for 1 h at room temperature. Membranes were washed in TBST, and horseradish peroxidase activity was detected using enhanced chemiluminescent reagent (Amersham Biosciences, Piscataway, NJ). Band intensities were quantified by densitometry (Bio-Rad GL710) using multianalyst software (BioRad). Myostatin antibody (1:200 dilution) detected 15-, 25-, and 42-kDa bands, as reported earlier (11), and the active protein in the 25 kDa was used to quantify the expression of myostatin in these studies.
Adipose Tissue Triglyceride and DNA Content
Adipose tissue triglyceride content in the epididymal fat was measured by determination of glycerol using the enzyme glycerol phosphate oxidase after hydrolysis with lipoprotein lipase. The manufacturer protocol was followed for the kit (Pointe Scientific, Canton, MI). Adipose tissue DNA content was measured with an ultrasensitive fluorescent DNA stain (Picogreen dsDNA reagent kit), obtained from Molecular Probes (Eugene, OR), using the manufacturer's protocol.
Adipocyte Size
Epididymal fat tissue was fixed in 10% formaldehyde and embedded in paraffin block, and 10-m sections were stained with hematoxylin and eosin and examined under a light microscope for examination of cell size, inflammatory cell infiltration, and nuclear location in the cells. Briefly, microphotographs of isolated adipocytes were acquired from fields that were occupied mainly by fat cells and had minimal stromal-vascular region. A light microscope equipped with a charge-coupled device camera (Olympus XI 91) was used to quantify the area of 800 -1,000 cells using ImagePro software (Media Cybernetics, Bethesda, MD). The area of the cells was then expressed as a proportion of the total number of cells examined. The mean area of the adipocytes was also calculated.
Plasma Adiponectin
Plasma adiponectin was quantified using an ELISA kit (Alpco Diagnostics, Salem, NH) using the manufacturer's protocol in triplicate in all samples. The values were expressed as mean Ϯ SD.
The animals received humane treatment, and the studies were in compliance with the Institutional Animal Care and Use Committee (IACUC) guidelines at Case Western Reserve University and the guidelines for the American Physiological Society. This study was approved by the IACUC at the Cleveland Clinic and at Case Western Reserve University.
Statistical Analysis
Sample size was calculated based on our laboratory's previous data correlating TOBEC with chemical carcass analysis in normal rats (13) . A minimum of six animals were examined in each group. All data are expressed as means Ϯ SD, unless stated otherwise. Results were compared using a standard statistical package (SPSS 14; SPSS, Chicago, IL). Unpaired Student's "t"-test was used to compare the data in the PCA and SO rats. The Mann-Whitney test was used to compare skewed data.
RESULTS
The PCA rats gained significantly less weight than the comparable SO rats in groups subjected to TOBEC and carcass analysis, as shown in Table 1 . There was no evidence of ascites or subcutaneous edema in the animals at the time of necropsy. The average food intake was similar in the PCA and SO rats. Fig. 1 . The whole body fat mass measured using total body electrical conductivity (TOBEC) in the portacaval anastamosis (PCA; ) and sham-operated, pair-fed (SO) control rats () at 3 wk after surgery showed a high correlation (r 2 ϭ 0.77; P Ͻ 0.01) with that measured using direct chemical carcass analysis.
However, the food efficiency was significantly lower in the PCA rats compared with the SO rats. Both the fat-free mass and fat mass were significantly lower in the PCA rats ( Table 1) . None of the rats in either group developed steatorrhea or diarrhea. Fecal fat quantification showed that the amount of fat in the PCA (55 Ϯ 3 mg/g dry fecal wt) and SO (57 Ϯ 2 mg/g dry fecal wt) rats was similar (P Ͼ 0.1). The skeletal muscle hydration index in the PCA rats (0.74 Ϯ 0.02) was similar (P Ͼ 0.1) to that in the SO rats (0.73 Ϯ 0.01). The whole body hydration index was also similar (P Ͼ 0.1) in the PCA (0.673 Ϯ 0.005) and SO animals (0.683 Ϯ 0.009). Rectal temperatures in the PCA (38.8 Ϯ 0.2°C) and SO rats (38.9 Ϯ°C) were also similar (P Ͼ 0.1).
The individual organ weights in the PCA and SO rats group are shown in Table 2 . The liver, skeletal muscle, spleen, and testes weights, as well as the ratio of these weights to the fat-free mass, were significantly lower in the PCA compared with SO rats. In Fig. 1 , fat mass quantified using chemical carcass analysis showed a high correlation with that obtained by TOBEC (r 2 ϭ 0.77; P Ͻ 0.01). As shown in Table 3 , using carcass analysis, it was observed that the whole body fat mass was significantly lower (P Ͻ 0.0001) in the PCA compared with the SO rats. The visceral and nonvisceral fat masses were significantly lower in the PCA rats compared with the SO rats. These differences persisted even when the data were expressed as a proportion of the total body weight. The triglyceride-to-DNA (mg/g) ratio was used to quantify the triglyceride content per cell. It was significantly lower (P Ͻ 0.05) in PCA (0.034 Ϯ 0.01) compared with SO rats (0.057 Ϯ 0.008). These changes were accompanied by smaller adipocytes in PCA rats compared with SO rats on microscopy (Fig. 2) . Plasma adiponectin levels were significantly higher (P Ͻ 0.05) in PCA (602.8 Ϯ 37.8 g/ml) compared with SO (373.8 Ϯ 19.6 g/ml).
The expression of myostatin gene and protein was higher (P Ͻ 0.05) in WAT in PCA compared with SO rats (Figs. 3 and 4) . This was accompanied by higher expression of phosphorylated AMPK Thr 172 in the adipose tissue and reversed by follistatin (Fig. 3) . There was no expression of myostatin protein in hepatic tissue (data not shown). Adiponectin gene expression was significantly higher (P Ͻ 0.001) in WAT in PCA compared with SO controls. Expression of adiponectin receptor 1 gene was lower and that of adiponectin receptor 2 gene higher in the WAT of PCA compared with SO controls that were reversed with follistatin (Fig. 4B) . Decreased expression of genes regulating lipogenesis (acyl-CoA carboxylase, fatty acid synthase, stearoyl-CoA desaturase, sterol regulatory element binding protein 1) and increased expression of genes regulating fatty acid oxidation (acyl-CoA oxidase, fatty acyl-CoA binding protein, peroxisome proliferator activated receptor-␣) were observed in the WAT of PCA compared with SO rats. Blocking myostatin with follistatin results in an increase in whole body weight and fat mass (Table 4) , and the alteration in gene expression was reversed following follistatin administration (Fig. 4, C and D) .
DISCUSSION
The present study showed that loss of fat mass, in addition to muscle mass, occurred following portosystemic shunting. We also observed that adipocytes were smaller, expression of genes regulating fatty acid synthesis was lower, while those responsible for fatty acid oxidation in adipose tissue were higher, in PCA compared with SO rats. Myostatin expression was elevated in adipose tissue following PCA. Reduced fat mass, as well as the altered expression of genes regulating adipose tissue fatty acid metabolism in the PCA rat, were reversed by administration of myostatin antagonist, follistatin.
Loss of both visceral and nonvisceral fat mass was observed after 3 wk of PCA compared with SO, pair-fed rats. These observations were similar to those reported in patients with cirrhosis of the liver in whom worsening severity of liver disease was accompanied by a progressive reduction in whole body fat mass (17) . The proportion of visceral fat mass was similar to that of the subcutaneous fat mass in the PCA, whereas, in the SO rats, the proportion of the subcutaneous fat mass was higher than that of the visceral fat mass. PCA rats had smaller adipocytes with lower triglyceride per cell, as determined from the area of the cells and the triglyceride-to-DNA ratio. The loss of adipose tissue mass in the PCA rat was due to a combination of impaired expression of genes regulating fatty acid synthesis and increased expression of genes regulating fatty acid oxidation. Lower food intake in the PCA rat may have contributed to these changes, but our studies using pair feeding of the SO control rats demonstrate that these changes are independent of caloric intake. Reversal of these alterations with follistatin provides compelling evidence that myostatin plays a critical role in energy regulation in portosystemic shunting. Even though follistatin binds to other proteins, including activin, its dominant effect, at least, in the skeletal muscle, is due to inhibition of myostatin (6, 24, 28) . This suggests that, in the adipose tissue also, response to follistatin may be due to myostatin antagonism. Previous studies have suggested that myostatin increases the expression of AMPK in skeletal muscle (7, 12) . Our data are consistent with previous metabolic studies, that adipose tissue lipogenesis is reduced by 60 -80% and lipolysis increased twofold in PCA compared with pair-fed SO rats (31) , and provide the mechanism for these observations.
Regulation of adipocyte size and expression of genes regulating fatty acid metabolism is a novel finding in this study. Prior studies have shown that exogenous myostatin causes loss of fat mass in vivo (43) and blocks adipogenesis in vitro in the mesenchymal stem cell line, C3H 10T1/2 cells (35). Paradoxically, myostatin knockout mice have lower fat mass, and in vitro studies on the adipocyte committed NIH 3T3 cells suggest that myostatin promotes adipogenesis (2, 36). Our observations of an increased expression of myostatin in the epididymal fat following PCA is consistent with the recent report of a lower body mass and lower fat mass in transgenic mice with increased expression of myostatin in adipose tissue (16) . In contrast to our observations on the regulation of adipose tissue mass by local production of myostatin, others have reported that, in myostatin knockout mice, an alteration in skeletal muscle myostatin, but not in adipose tissue, contributes to the change in adipose tissue mass in mice fed either normal chow or high-fat diet (20) . This difference could be due to the absence of myostatin from in utero in the knockout mice, in contrast to the postdevelopmental increase in myostatin expression in the fully differentiated adipocytes that were blocked using follistatin. Previous studies have shown that the effect of myostatin on adipocytes depends on the stage of development of the adipocytes (2, 16, 20, 22) . Myostatin promotes adipogenesis at a sensitive time before preadipocyte stage, but not after this stage (2) . An increased expression of myostatin following PCA in these postpubertal mature rats may have a different effect on adipocyte mass and triglyceride content by regulating the expression of genes responsible for fatty acid oxidation and synthesis. Another observation in the mice with adipose tissue-specific increase in expression of myostatin was the metabolic consequences that included higher insulin sensitivity and an increased metabolic rate with similar food intake and activity that were accompanied by decreased whole body and fat mass (16) . In our study, we did not measure metabolic rate, but did observe a lower body weight and fat mass compared with the SO rats, despite similar food intake. An increase in expression of genes responsible for increased fatty acid oxidation may have contributed to the lower fat mass following PCA. We speculate that the increased fatty acid oxidation following PCA may also contribute to the hypermetabolism reported in human cirrhosis (27) .
The lower fat mass in the PCA rat was accompanied by higher expression of adiponectin gene in WAT. Higher plasma adiponectin in the PCA rat with lower whole body and visceral fat mass may seem surprising, since adiponectin is secreted by adipocytes (29) . This was, however, similar to previous reports of the inverse relation between plasma adiponectin and body fat mass (41) . Our observations are also consistent with previous reports that greater visceral adiposity in patients with metabolic syndrome was accompanied by lower plasma adiponectin concentrations, and reduction in whole body fat mass following bariatric surgery results in an increase in plasma adiponectin (4, 9, 40) . Studies on the interaction between adiponectin and myostatin will clarify the role of these factors on lipid and glucose metabolism.
Failure to gain whole body and fat-free weight by the PCA rats compared with SO rats, despite similar food intake ensured by pair feeding, was reflected in lower food efficiency. This is not due to defective absorption of nutrients, as evidenced by similar fecal fat content and the absence of overt diarrhea or steatorrhea in our animals. These observations are consistent with previous studies that have demonstrated that protein and fat absorption were not affected by PCA (3, 18, 30) . One possible explanation for the lower food efficiency in the PCA rats may be reduced protein synthesis in the skeletal muscle Relative expression of myostatin in WAT did not change (P Ͼ 0.1) in response to FSTN compared with vehicle (PBS) alone in the PCA rats. B: relative expression of mRNA by real-time PCR of adiponectin and its receptors in WAT of PCA rats. Adiponectin gene expression was significantly (P Ͻ 0.001) higher in WAT of PCA rats compared with SO control rats. Adiponectin receptor 1 expression was lower (P Ͻ 0.01), and that of adiponectin receptor 2 was higher (P Ͻ 0.01), in PCA compared with SO control rats. In response to FSTN, these alterations were reversed in the PCA rats compared with those administered vehicle (PBS) alone. C: relative expression of genes regulating fatty acid synthesis (fatty acid synthase, ACC, SREBP1, stearoyl-CoA desaturase) were significantly lower in PCA compared with SO control rats. In response to FSTN, a myostatin antagonist, these changes were reversed. D: the expression of genes regulating fatty acid oxidation (fatty acyl-CoA BP; acyl-CoA oxidase; PPAR-␣) was significantly (P Ͻ 0.01) higher in the PCA compared with SO control rats. FSTN reversed these alterations in the PCA rats compared with those administered vehicle (PBS) alone. Values are means Ϯ SD. that contributes to over 40% of the fat-free mass (33) . This is supported by our observation that the expression of myostatin was increased and that of insulin-like growth factor was reduced following PCA (13) . These alterations in gene expression contribute to lower skeletal muscle mass related to lower protein synthesis and impaired regeneration of atrophic muscles (26) . An alternate mechanism for the lower food efficiency in the PCA rat may be related to hypermetabolism, as occurs in human cirrhosis (27) , but this has not been measured following PCA. In the present studies, even though resting energy expenditure was not measured, rectal temperature was similar in the PCA and SO rats. Finally, a higher rate of protein breakdown in the fat-free compartment following PCA could also result in lower food efficiency, but our previous studies on expression of proteolytic genes do not support this explanation (12, 13) . Direct studies on whole body and skeletal muscle protein turnover and resting energy expenditure in the PCA rats will be required to address these issues.
In the present study, we also validated the use of a noninvasive method to measure fat-free mass and fat mass following PCA. Previous reports of the validity of TOBEC have primarily used normal control rats (37) . We have demonstrated for the first time that TOBEC is a valid measure of fat-free mass after an intervention that results in lower body weight and portacaval shunting. The chemical carcass analysis showed that there was a high correlation with TOBEC-derived fat-free mass. Previous studies have suggested that TOBEC does not reliably measure the total body content of water when the ratio between intracellular and extracellular water is chronically or acutely altered (5). In the PCA rat, renal handling of water has been reported to be abnormal and could have potentially altered the tissue water content and, consequently, the hydration indexes (23) . Our studies on the hydration indexes, however, showed that both skeletal muscle and the whole body hydration were similar in the PCA and SO rats.
In conclusion, the present studies demonstrated that, following PCA, loss of whole body weight was a consequence of a loss in both fat mass and fat-free mass that were observed as lower food efficiency, but these alterations were not accompanied by changes in tissue hydration. Reduced fat mass was due to lower adipocyte size, increased expression of genes regulating fatty acid oxidation, and lower fatty acid synthesis in adipose tissue. These alterations were due to increased expression of myostatin, since the changes were reversed by the myostatin antagonist, follistatin. Reduced adipose tissue energy stores could contribute to the accelerated starvation of cirrhosis and its consequences, including impaired skeletal muscle protein synthesis.
